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ﬂow, a macroscopic cristae-like shape remodeling of an only-lipid model membrane mimicking the inner
mitochondrial membrane. In addition, we reported a theoretical model describing the dynamics of a
chemically driven membrane shape instability caused by a modiﬁcation of the plane-shape equilibrium
density of the lipids in the membrane. In the present work, we focus on the lipid-packing modiﬁcations
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driving force of the instability. Laurdan ﬂuorescence and ζ-potential measurements show that under pH
decrease, membrane surface charge decreases, but that signiﬁcant modiﬁcation of the lipid packing is
observed only for CL-containing membranes. Our giant unilamellar vesicle experiments also indicate that
cristae-like morphologies are only observed for CL-containing lipid membranes. Taken together, these results
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Cardiolipin (CL) is a divalent anionic lipid with four acyl chains.
This unusual structure results from its dimeric nature, where two
phosphatidyl moieties are linked together through a central glycerol
group (for review see Haines [1] and Lewis et al. [2]). The structure of
CL is characterized by a large hydrophobic region and a strongly
charged relatively small head group, which together imply that CL
favor negative curvature [3,4] in particular if the charge in the
headgroup is reduced [5,6]. Potentially, the two phosphate groups of
CL which have very different pKa values (pK1b4.0 and pK2N7 [2,7])
can carry negative charges. Ionization levels of the headgroup of CLhave been found to be not only dependent of the pH but also affected
by the environmental factors such as its concentration in the bilayer
[8].
In biologicalmembranes, CL is found only in the inner bacterial and
mitochondrial membranes with molar concentration ranging from 5
to 20%. In the mitochondrion, CL is involved in an exceptionally broad
variety of functions, including structural stabilization of membrane
proteins and respiratory complexes. Indeed, CL has high binding
afﬁnity for each of the membrane proteins that is involved in the
synthesis of ATP in the mitochondrion [9–12]. Due to their charge
nature, CLs are also involved in maintaining the electrochemical
proton gradient across the inner mitochondrial membrane (IMM)
(the matrix mean bulk pH proved to be around 8 whereas in the
intermembrane space, the mean pH was estimated to be around 7.4
[13]) which enables ATP synthesis and ADP–ATP translocation [14].
Cardiolipin's intimacy with the F0–F1 ATP synthase together with its
high headgroup pK suggests it serves as a proton source for protons
used in proton-pumping during ATP synthesis [14].
The inner mitochondrial membrane is an example of a highly
folded and dynamic biological structure [15,16]. The IMM is composed
of two subdomains: the inner boundary membrane (IBM) and the
cristae membrane (CM). CMs are invaginations of the IMM that
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and dynamics of the IMM are strongly linked to mitochondrial
functions [17–19] but surprisingly, the components responsible for
that are still largely unknown. Thus, understanding how the shape of
the inner membrane is regulated on a molecular basis is of great
relevance and may lead to a better understanding of mitochondrial
function in general. Most of recent works focused on the role of
proteins, in particular on those that induce membrane curvature by
their conic-like shape as the ATP synthase dimers [20–22]. However,
it remains still unclear whether the inner membrane topology and
dynamics are dependent on speciﬁc mitochondrial proteins only,
or/and on lipid mediated processes. Indeed, it was shown that
reduced levels of CL produce aberrant cristae morphology [23] and
that in a mitochondrial disorder that affects CL (Barth Syndrome),
IMM presents reduced cristae density [24]. These studies clearly
established a link between mitochondrial function and cardiolipin
levels. Consequently, regarding the inner membrane topology and
dynamics, the role of lipids and in particular of CL, has to be studied
precisely in order to obtain a detailed molecular understanding of
this system.
Relatively few studies of CL membranes, and of membranes
composed of mixtures of CL with other lipids, have been performed.
Nevertheless, some numerical [25–27] and experimental [8,28–31]
studies investigate CL effects on the structure and properties of lipid
bilayers. For example, the behavior of lipid monolayers composed of
binary mixtures of bovine cardiac CL and PC at the air/water interface
of a Langmuir trough has been examined [30]. This study indicates
that CL and PC are fully miscible with each other at all proportions
tested and that CL has a condensing effect on PC monolayers. Very
similar results were later presented in another monolayer ﬁlm study
of mixtures of bovine cardiac CL with POPC or POPE, although these
works claimed to detect the existence of CL-rich and DOPE-rich
domains in supported monolayer formed on a mica substrate [29].
Recently, attempts have been made to model the effect of CL on
different matrices (PC, PE, and mixed PC–PE for reference [27]) using
both coarse-grained [26] and atomistic molecular dynamics simula-
tions [27]. These studies suggest that the incorporation of CL into PC
bilayers should have a signiﬁcant ordering effect, predictions
supported by the experimental observations described above. On
the other side, Rόg et al. [27] showed that the effects of CL in ternary
membrane systems are complex and cannot be easily deduced from
the corresponding ones in binary membranes and in particular that
the surface area remains unaffected when CL is added to a mixed PC–
PE bilayer membrane. To the best of our knowledge, there is only one
experimental study of the mechanical properties of bilayers contain-
ing CL [30]. These authors have shown that both apparent area
compressibility modulus and lysis tension decreasewith increasing CL
content in SOPC bilayers. These ﬁndings indicate that a lower stress is
required to achieve a given change inmembrane area and suggest that
less energy is required to create folds in the IMM, aiding in their
formation. Anyway, there is a real lack in the literature of data
concerning the structure and dynamics of ternary lipid systems
mimicking the IMM and, almost nothing on their behavior under pH
modiﬁcations (it was yet suggested that the local pH in the intracristal
compartments might be much lower than 7.4 [32,33]). So, regarding
the mitochondrion, and in particular the transmembrane pH
difference between the mitochondrial matrix and the intermembrane
space, it appears fundamental now to examine how the bilayer charge
reduction affects the structure and the dynamics of IMM-like
membranes.
In a previous study [34], we offered some original insights into the
factors that determine the dynamical tubular structures of IMM
cristae. We showed that the creation of a localized pH gradient
induced “cristae-like” morphology in an only-lipid minimal model
system (CL-containing giant unilamellar vesicles). Delivering protons
onto CL-containing membranes (decreasing local pH) lead to partialcharge neutralization and to area reduction of the exposedmonolayer.
So, the induced-area mismatch between the two monolayers of the
membrane will create a mechanical stress and induce the tubular
membrane invaginations. In order to have a better understanding of
this chemically driven membrane shape instability, we described this
phenomenon theoretically in details for the case of increasing local pH
[35,36] but this model is valid as well in the case of local acidiﬁcation.
We have shown that the chemical modiﬁcation of the lipids of the
exposed monolayer could result in a change of the spontaneous
curvature and in a change of the plane-shape equilibrium density.
Both of these effects have been taken into account and compared [35].
In our description of the dynamics of the instability, the intermono-
layer friction plays a crucial part: it gives the longest timescale of the
instability, as the monolayers are unable to slide with respect to each
other on short timescales. The fact that we observed a relaxation
dynamics which is well described by a mechanism involving the
intermonolayer friction indicates that the change of the plane-shape
equilibrium density of the exposed monolayer is important in our
curvature instability.
The main purpose of this work is precisely to evaluate the effects of
pH on the properties of CL-containing membranes and in particular to
investigate in details lipid packingmodiﬁcations, the driving force of the
described-curvature instability. The degree of lipid packing can be
determinedwith ﬂuorescentmembrane probes such as 6-dodecanoyl-2
dimethylaminonaphthalene (Laurdan) [37–40]. We analyze the mod-
iﬁcations of the generalized polarization (GP) of CL-containing large
unilamellar vesicles (LUV) exposed to different pH environments and
we ﬁnd that the lower the pH is, the more ordered the bilayer is. These
measurements are complemented bydetermining the ζ-potential of the
bilayers in different environments showing thatmembrane exposure to
ions, such as protons and hydroxide ions, altered surface charge density.
An additional outcome of this work is the investigation of the
relationship between structural properties of membranes and giant
vesicle membrane morphology. Experiments, in which giant unilamel-
lar vesicles (GUV) were exposed to a localized pulse of acid, have been
done and showed that cristae-likemorphologies are induced only in CL-
containing membranes. Taken together, the data support the view that
lipid packingmodiﬁcation induced by a pH local decrease is the driving
force of themembrane shape instability and also suggest the underlying
role of mitochondrial lipids, especially that of cardiolipin.
2. Materials and methods
2.1. Chemicals
The following lipids were obtained and used without further
puriﬁcation: egg yolk L-α-phosphatidylcholine (PC), Sigma-Aldrich,
Lyon, Rhône, France; egg L-α-phosphatidylethanolamine (PE), Avanti
Polar Lipids, Alabaster, AL; heart bovine 1,3-bis(sn-3-phosphatidyl)-
sn-glycerol diphosphatidylglycerol (cardiolipin, CL), Avanti Polar
Lipids, Alabaster, AL. Fluorescent probes 6-dodecanoyl-2-dimethyla-
minonaphthalene (Laurdan), and, 1,6-diphenyl-1,3,5-hexatriene
(DPH) were from Molecular Probes Inc., Eugene, OR. All other
chemicals were of highest purity grade: HEPES (Interchim, Montlu-
çon, Allier, France); EDTA (Sigma-Aldrich, Lyon, Rhône, France).
2.2. Large unilamellar vesicle preparation
Large unilamellar vesicles (LUV) were prepared using the
extrusion method [41]. Samples were prepared by dissolving and
mixing the indicated lipids in chloroform/methanol (9.4:0.6 v/v) to
obtain the desired compositions. Thereafter the solvent was removed
under a stream of oxygen-free dry nitrogen (20 min). The residues
were subsequently maintained under vacuum for 2 h and then HEPES
buffer, pH 8 or 4 respectively (HEPES 5 mM, EDTA 0.1 mM)was added
at room temperature (22 °C) to yield a lipid concentration of 2 mM.
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left in a sonication bath for 30 min, vortexed again for 1 min to ensure
more uniform vesicle dispersion, and incubated again at 30 °C for
15 min. The multilamellar vesicles obtained at this stage were then
extruded with a LiposoFast small-volume extruder equipped with
polycarbonate ﬁlters (Avestin, Ottawa, Canada) as follows: 12
extrusions through 800 nm, followed by 21 extrusions through
100 nm ﬁlters. The ﬂuorescent probes (Laurdan and DPH) were
mixed with the lipids in the initial organic solution and were used at
low concentrations in order not to perturb the lipid bilayer structure
(Laurdan:lipid ratio of 1:200 and DPH:lipid ratio of 1:500). LUV
samples were kept at 4 °C, and used for measurements the day after.
2.3. Fluorescence measurements
Steady-state ﬂuorescence measurements were carried out with a
Cary Eclipse spectroﬂuorimeter (Varian Instruments, CA) equipped
with polarizers and a thermostated cuvette holder (±0.1 °C). Excitation
and emission slits were adjusted to 5 nm. Fluorescence emission
spectra were all recorded at 25 °C. All ﬂuorescence measurements
were carried out at a total lipid concentration of 0.2 mM.
2.3.1. Measurements of Laurdan generalized polarization (GP)
Laurdan is a ﬂuorescentmolecule that detects changes inmembrane
phase properties through its sensitivity towatermolecules presented in
the environment in the bilayer. Excitation wavelength for Laurdan was
355 nm. All emission spectra (from 370 to 600 nm) were recorded
twice, averaged, and background subtracted. Polarity changes are
shown by shifts in the Laurdan emission spectrum, which are
quantiﬁed by calculating the generalized polarization (GP) deﬁned as
GP=(I440− I500)/(I440+ I500) where I440 and I500 are the emission
intensities at 440 and 500 nm respectively. GP values can theoretically
assume values from +1 (being most ordered) and −1 (being least
ordered). GP measurements are done by simply registering the two
mentioned emission intensities (2 sets of 5 measurements averaged).
2.3.2. Measurements of DPH anisotropy (rDPH)
The membrane hydrocarbon region ﬂuidity was measured using
the ﬂuorescent probe DPH. In fact, steady-state DPH anisotropy rDPH
within the bilayer, which is inversely proportional to membrane
ﬂuidity, was determined (excitation 358 nm; emission 428 nm; slit
width 5 nm) using the expression rDPH=(IVV−GIVH)/(IVV+2GIVH)
where I represents the ﬂuorescence emission intensity, V and H
represent the vertical and horizontal orientation of the excitation and
emission polarizers, and G= IHV/IHH accounts for the sensitivity of the
instrument toward vertically and horizontally polarized light.
2.4. ζ-potential
The ζ-potential, represents the potential slightly above the
membrane interface and is related to the membrane surface charge
density, was calculated from the electrophoreticmobility based on the
Helmholtz–Smoluchowski relationship [42] from LUV suspensions
(0.2 mM total lipid) using Nano-ZS (Red badge) ZEN 3600 (Malvern
Instruments Ltd, Malvern, UK). The ζ-potential values of the vesicles
were determined at pH 8 and 4.0, at 25.0±0.1 °C.
2.5. Giant unilamellar vesicle preparation
GUVs were formed by the liposome electroformation method
[43,44] in a thermostated chamber. The particular electroformation
protocol established in this work was as follows: single lipids as well
as lipid mixture solutions were prepared in chloroform/diethyl ether/
methanol (2:7:1 v/v) at 1 mg/ml of total lipid. A droplet of lipid
solution (1 μl) was deposited (avoiding sliding) on each of the two
parallel platinum wires (diameter 0.8 mm, distance between axes3 mm) and dried under vacuum for 15 min. An AC electrical ﬁeld,
10 Hz, 0.26 V pp, was applied to the electrodes. Buffer solution (2 ml,
pH 8, HEPES 0.5 mM, EDTA 0.5 mM, and temperature ~25 °C) was
added (avoiding agitation) to the working chamber. The voltage was
gradually increased (over 2 h) up to 1 V pp and kept for 15 more
minutes before switching the AC ﬁeld off. The GUVs were ready for
further utilization. In each preparation at least 10 GUVs of diameter
50–80 μm were available.
2.6. Imaging GUVs and micromanipulation
We used a Zeiss Axiovert 200M microscope, equipped with a
charge-coupled device camera (CoolSNAP HQ, Photometrics, Tucson,
AZ, USA). The experiments were computer controlled using Meta-
morph software (Molecular Devices, Downington, PA, USA). The
morphological transformations and the dynamics of the membrane
were followed by phase contrast microscopy.
Tapered micropipettes for the local injection of HCl were made
from GDC-1 borosilicate capillaries (Narishige, Tokyo, Japan), pulled
on a PC-10 pipette puller (Narishige). The inner diameter of the
microcapillary used for performing the local injections onto a GUV
was 0.3 μm. For these local injections, a microinjection system
(Eppendorf femtojet) was used. The micropipettes were ﬁlled with
an acid solution of HCl (100 mM, pH 1.6). The injected volumes were
of the order of picoliters, the injection lasted a few seconds, and the
injection pressure was 15–25 hPa. The positioning of the micropi-
pettes was controlled by a high-graduationmicromanipulator (MWO-
202, Narishige) and the initial distance from the GUV membrane was
~10 μm taking care to avoid any contact with the lipid membrane. The
ﬂux of the solution injected by the micropipette could be visualized
and thereby we could evaluate that the part of the GUV membrane
directly affected by the microinjection was about 10%. Visualizing the
ﬂux from the micropipette allows estimating as well the dilution of
acid solution along the injection axis. Indeed, considering a constant
conical proton ﬂow and the ratio between the micropipette aperture
surface and the projected area of the GUVmembrane directly affected
by the microinjection, an estimate of the proton concentration in the
vicinity of the membrane is obtained. On the other hand, we calibrate
the pH in function of the dilution of 100 mMHCl pH 1.6 in the buffer in
which the GUV were formed. Finally, that allows us to estimate the
local pH value effectively created in the vicinity of the GUVmembrane
during the HCl delivery to be about pH 4 to 5 [34].
3. Results and discussion
3.1. Properties ofmodelmembranemimicking IMMunderpHmodiﬁcations
PC, PE and CL represent the most abundant phospholipid
components of the inner mitochondrial membrane (IMM) and
thus are used as constituents for IMM mimetic systems [45–47].
Therefore, we made our vesicular mimetic systems from PC/PE/CL
60:30:10 mol/mol. In order to study the effect of pH on the hydration
and viscosity of the lipid bilayer, we included some ﬂuorescent probes
(Laurdan, DPH) in LUV lipid membranes. These ﬂuorescent molecules
localize at different depths in the lipid bilayer, thereby yielding
information on the lipid membrane's global properties.
The wavelength of the Laurdan emission peak is dependent of
the presence of water in the membrane. Because water penetration
into the bilayer is directly related to inter-lipid spacing, Laurdan
has been used to measure the degree of lipid packing [37,38]. We
present in Fig. 1a Laurdan ﬂuorescence spectra recorded at different
pH values of LUV suspension medium ranging from 8.01 to 2.46. In
these experiments, we gradually lowered the pH of the LUV sample
by adding aliquots of acid solution (10 or 100 mM HCl). After few
minutes of equilibration under agitation, the spectra were recorded
assuming that the system has reached a steady-state. Indeed, it was
Fig. 1. pH dependence of GP and rDPH of lipid membrane mimicking the IMM. LUV are made of PC/PE/CL 60:30:10 mol/mol with a Laurdan:lipid ratio of 1/200 or a DPH:lipid ratio of
1/500 respectively in buffer pH 8. All measurements were carried out at a lipid concentration of 0.2 mM and were recorded at 25 °C. pH of the LUV samples was gradually lowered by
adding aliquots of acid solution (10 or 100 mM HCl). After few minutes of equilibration under agitation, the measurements were done. (a) Laurdan ﬂuorescence emission spectra
(λexc=355 nm) recorded at different pH (spectrum from top to bottom at pH 8.01, 6.08, 4.41, 3.30 and 2.46). (b) Calculated Laurdan GP at pH values corresponding to the spectra
presented in (a). (c) Laurdan ﬂuorescence emission spectra recorded at different dilutions (spectrum from top to bottom at dilution factors 1, 1.033, 1.075, 1.092 and 1.15).
(d) Calculated Laurdan GP at dilutions corresponding to the spectra presented in (c). (e) pH dependence of the inner mitochondrial model membrane GP (○) and rDPH (■).
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addition are necessary to equilibrate the internal leaﬂet to the new
pH [48,49]. As pH values decrease, there is a decrease of the mean
intensity of the spectrum combined with a shift of the spectral
maximum to shorter wavelength. Data show that upon decreasing of
pH of the external medium the peak at 440 nm becomes more
pronounced, i.e., the GP value increases at low pH. Indeed, as
explained in the Materials and methods, the effects of pH on the
spectra could be quantiﬁed by calculation of the generalized
polarization (GP) for each emission spectrum. As shown in Fig. 1b,
the values of Laurdan GP increase with decreasing pH values of the
bulk phase. For example, the Laurdan GP rise from−0.012 (pH 8.01)
to +0.220 (pH 2.46). Fig. 1c and d depicts spectra and GP values
calculated from the Laurdan emission spectra for control experiments.
In these experiments, instead of HCl, we injected buffer solution only
to check for any eventual dilution effect. We observed that under
dilution, there is no shift of the spectral maximum of the spectra
(Fig. 1c) and thus, GP values remain the same whatever the dilution
(Fig. 1d). Fig. 1e shows both the Laurdan GP (○) and the anisotropy of
DPH (■) variations during progressive acidiﬁcation of the LUV
suspension medium. Here, GP values were calculated for eleven pH
values ranging from 2.46 to 8.01, while rDPH values were calculated for
eight pH values ranging from 3.00 to 8.01. This ﬁgure illustrates more
precisely than in Fig. 1b the Laurdan GP shift to higher values
observed upon successive proton additions in the bulk phase and the
capability of Laurdan to sense progressively tighter lipid packing. As
we can see in Fig. 1e, between pH 5.5 and 8.0, GP values remain more
or less constant while below pH 5.5, GP values increase especially as
the pH is low. This increase of the GP values in acidic medium reﬂects
the progressive dehydration and increasing apolarity (structuring)
close to the water/lipid interface. Fig. 1e also depicts the anisotropy of
DPH, giving information about membrane hydrophobic core ﬂuidity.
We observe that there is no rDPH signiﬁcant variation under the entire
pH range studied and therefore, the membrane ﬂuidity does not
change despite the acidiﬁcation of the medium.
Our experiments involving Laurdan ﬂuorescence reveal that the
progressive dehydration of the bilayer under pH decrease causes a
more efﬁcient lipid packing, as water penetration into the bilayer is
directly related to inter-lipid spacing. The decrease in the mean area
per headgroup with decreasing pH can be easily understood by
considering in particular the number of charge molecules in the
system. When the fraction of protonated or partially protonated CL
increases with decreasing pH, the repulsive interaction between CL
headgroups decreases. Changing CL charge reduces electrostatic
repulsion and increases hydrogen bonding which together lowers
the effective size of the headgroup. Concerning the zwitterionic lipids
in the membrane (PC and PE), none of their functional groups has a
pKa within the range of pH 2.5 to 8 [50]. pH effect most likely results
from other physical interactions, such as counterion binding and
partitioning into the membrane [51]. Zwitterionic PC and PE
molecules contain functional groups, whose electric charge distribu-
tion at the membrane interface is a function of the binding of
counterions like protons and hydroxide ions. Anyway, both of these
mechanisms act in reducing the negative surface charge. This latter
point is conﬁrmed by our ζ-potential measurements (Table 1)
indicating that a decrease of the pH suspension medium from 8 to 4Table 1
Effect of pH on the ζ-potential of LUV made of different lipid mixtures.
ζ (mV)
pH 4 pH 8
PC 0.3 −7
PC/PE (66/34) −4 −17
PC/PE/CL (60/30/10) −46.4 −56
PC/CL (90/10) −45 −56.9corresponds respectively to a change of the ζ-potential from−56 mV
to −46.4 mV for the model membrane mimicking the IMM. We
conclude that the pH affects both the surface charge and the mean
area per molecule and that the resulting changes in the electrostatic
environment inﬂuence strongly the very structure of the model
membrane mimicking IMM.
3.2. Fundamental role of CL in membrane properties under proton
addition
We carried out the same kind of Laurdan GP measurements
(Fig. 2a) and ζ-potential measurements (Table 1) on one hand with
LUV containing only PC and CL (PC/CL 90:10 mol/mol), and on the
other hand, with LUV that do not contain CL (made only of PC, or
PC/PE 66:34 mol/mol). Our purpose here was to investigate the
relative part of each membrane lipid component on the membrane
behavior under pH modiﬁcations.
Fig. 2a shows for different kinds of bilayers the GP evolution during
a progressive acidiﬁcation of the LUV suspension medium. First, we
can notice that at pH 8 (and it's still true at physiological pH), the
calculated values of GP are strongly different for the bilayers that
contain or not PE. The PC bilayers are the more hydrated membranesFig. 2. Effect of the medium pH: (a) on the GP, and, (b) on the ΔGP. LUV are made of
different lipid compositions with a Laurdan:lipid ratio of 1/200 in buffer pH 8. (●) PC;
(□) PC/CL 90:10 mol/mol; (▲) PC/PE 66:34 mol/mol; (○) PC/PE/CL 60:30:10 mol/mol.
All measurements were carried out at a lipid concentration of 0.2 mM and were
recorded at 25 °C. pH of the LUV samples was gradually lowered by adding aliquots of
acidic solution (10 or 100 mM HCl). Measurements were made after few minutes of
equilibration under agitation. ΔGP is the difference between the GP value and its initial
value at pH 8.
Fig. 3.Modelmembranemimicking the IMMexhibiting dynamic cristae-likemorphology.
GUV is made of PC/PE/CL 60:30:10 mol/mol in buffer pH 8. Membrane invagination is
triggered by a local pHmodulationmadewith amicropipette delivering an acidic solution
(100 mMHCl, pH1.6). The inducedmembrane invagination (frame t=42 s) is completely
reversible (frames 56.7–87.1 s) as far as the acid delivery is stopped.
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mixture of PC and CL solely. As we can see in Fig. 2a, the presence of PE
induces an important increase of the GP value whether or not CL is
present. So, for the lipid systems tested, PE tends to make more
ordered bilayers. It's important to highlight here that, at pH close to
the physiological one, the addition of CL to a binary systemmade of PC
and PE doesn't change the calculated GP value. Secondly, for CL-
containing membranes (□: PC/CL 90:10 mol/mol and ○: PC/PE/CL
60:30:10 mol/mol) under progressive acidiﬁcation, the GP remains
stable down to pH 5.5 and then begins to increase strongly. On the
contrary, for bilayers without CL (●: PC and▲: PC/PE 66:34 mol/mol),
GP remains stable down to a lower pH value (about pH 4). There is
nevertheless a small increase in the GP for lower pH values than 4. So,
whatever the bilayer composition, a strong decrease of pH leads to a
GP shift to higher values, but this rise of GP is only signiﬁcant for CL-
containing membranes. As we do for model membrane mimicking
IMM, we measured for all the systems studied the ζ-potential at pH 4
and pH 8. Table 1 summarizes and compares these values.
The analysis of our experiments underlines the fact that the lipid
composition plays a major role in determining the bilayer lateral
structure, and in particular, under pH variation. The analysis of the
different GP values at physiological pH allows us to conﬁrm some
results already obtained by other groups either experimentally or
numerically. Indeed, our Laurdan ﬂuorescence experiments show that
the addition of 10% mol CL to PC bilayers (Fig. 2a, ● and □ at pH 7.4)
leads to a bilayer condensation. This effect was already highlighted by
thermodynamic analysis of monolayer compression isotherms [29,30]
or by dynamics simulations [25,27]. We also notice that the addition
of 10 mol% CL to a mixed PC/PE bilayer membrane doesn't have any
inﬂuence on the calculated GP at physiological pH (Fig. 2a,○ and▲ at
pH 7.4). This result is consistent with atomic-scale molecular
dynamics simulations [27] and shows that in presence of PE, CL
addition doesn't lead to membrane condensation. Secondly, the
analysis of the curves presented in Fig. 2a shows that onlymembranes
containing a lipid with titratable groups (CL) present a signiﬁcant rise
of the GP values. For these membranes, the variation of the GP values
between pH 2.46 and pH 8.01 is about 0.25, variation consistent with
the measurement done for the binary system PC/CL in [38]. In the case
of binary systems without CL (Fig. 2a, ● and ▲), the small better
packing observed at very low pH corresponds to counterion binding.
This idea and our results are in agreement with Langmuir monolayer
experiments in which the area per molecule of PE monolayer
decreased when the pH was decreased from pH 7 to pH 3 [52]. For
monolayer of PC only, Fujiwara et al. [53] found that no signiﬁcant
differences were observed among the isotherms of monolayers
formed at pH 7.0 and 3.5, but this is consistent with the fact that in
our experiments, GP really increases below pH 3. So, it appears now
clear that there is only a signiﬁcantly increased bilayer packing in the
presence of CL. In order to compare easily the variations of the GP
values, we calculate separately for each different lipid system the
difference ΔGP between the GP value and its initial value at pH 8.
Fig. 2b plots the ΔGP variations during the progressive acidiﬁcation of
the LUV suspension medium. One can notice that the ΔGP variations
are practically the same for CL-containing membranes with and
without PE (Fig. 2b, ○ and □). So, concerning the lipid packing
modiﬁcation under acidiﬁcation, PE doesn't seem to have any
inﬂuence. Taken together, Laurdan ﬂuorescence and ζ-potential data
show that whatever the bilayer under pH decrease, absolute surface
charge decreases but a signiﬁcant modiﬁcation of the lipid packing
takes place only for CL-containing membranes.
3.3. Tubular shape invagination of GUV membrane under local pH
modulation
In these experiments, our goal was to mimic as simply as possible
the dynamic morphology of the inner mitochondrial membrane. TheIMMwasmodeled by themembrane of a GUV formed at pH 8, and the
proton concentration difference observed in vivo between the matrix
and the intermembrane space was mimicked by local addition (by a
micropipette) of an acidic solution. Indeed, pH was locally modulated
in real time (lowered and then let to rise to the initial bulk value) as a
result of the delivering (or not) of HCl solution (100 mM) at the outer
side of the GUV membrane. The microinjection parameters were the
same for the vesicles shown in Figs. 3–5 (innermicropipette diameter,
0.3 μm; injection pressure 15–25 hPa). The GUV composition mim-
icking the IMM was PC/PE/CL 60:30:10 mol/mol, but, in order to
highlight the particular role of CL, we also carried out experiments
with GUVs made from lipid binary compositions used in our Laurdan
ﬂuorescence measurements. One can see in Fig. 3 (PC/PE/CL
60:30:10 mol/mol) the initial GUV (Fig. 3, frame 0 s), themicropipette
Fig. 4. Crucial role of CL in the development of the speciﬁc cristae-like tubular
morphology. No vesicle shape changes were observed when HCl was microinjected to
GUV made only of PC/PE 66:34 mol/mol in buffer pH 8.
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invagination (Fig. 3, frame 27.6 s), and the development of charac-
teristic morphology (Fig. 3, frames 28.5 s to 42 s). In a ﬁrst work [34],
we identiﬁed this morphology as “cristae-like” because it mimics very
well the IMMmorphology shown by 3D electron microscopy. As soon
as the acid delivery is off, the membrane invagination regresses andFig. 5. Minimal membrane model exhibiting dynamic cristae-like morphology. GUV is
made only of PC/CL 90:10 mol/mol in buffer pH 8. Without PE, local pH modulation
induced cristae-like morphology similar to that observed with GUV made of PC/PE/CL
60:30:10 mol/mol, presented in Fig. 3.completely disappears when the local pH gradient vanishes (Fig. 3,
frames 56.7 s to 87.1 s). So, this cristae-like morphology is dynamic
and reversible, modulated by the local pH difference. Control
experiments, and the dependence of the GUV initial states on the
invagination shapes and typical sizes are discussed precisely in Ref.
[34]. In order to study in details the role of CL in the development of
such morphologies, we carried out experiments with GUV containing
only PC (data not shown), PC and PE (PC/PE 66:34 mol/mol, Fig. 4),
and PC and CL (PC/CL 90:10 mol/mol, Fig. 5). In the latter case (Fig. 5),
the effects of local pH modulations were similar to those observed
with GUV made of PC/PE/CL 60:30:10 mol/mol (development then
regression of the induced invagination). On the contrary, for GUV
without CL, no cristae-like morphology was observed (Fig. 4). These
results indicate that CL plays a crucial role in the development of the
speciﬁc cristae-like morphology in our GUV model membranes.
In the GUV experiments, the hydrodynamics of the solution
injected by the micropipette could be visualized and allowed us to
roughly estimate the local pH at the membrane level to be about pH 4.
We assume that the inner monolayer is little affected by the pH
decrease outside the vesicle because the permeation coefﬁcient of
protons through a lipid membrane is low (PH+≈10−9 cm/s [54]),
which yields a negligible pH decrease inside the vesicle on the
timescale of our GUV experiments. So, there is one monolayer of the
GUV facing an acidic compartment while the other faces a neutral one.
Only the lipids of the outer leaﬂet are then chemically modiﬁed and,
as it was shown in our Laurdan ﬂuorescence measurements if the
membrane contains CL, the outer monolayer is signiﬁcantly better
packed. So, the outer leaﬂet of the CL-containing giant vesicle
undergoes a condensation while the inner leaﬂet remains unchanged,
thus creating a local elastic stress required for tubule formation. Fig. 6
summarizes GP values at pH 4 and pH 8 for the different lipid systems
studied. One can see in this ﬁgure that a signiﬁcant modiﬁcation of the
lipid packing (the increase of GP corresponds to membrane
condensation) is only observed for CL-containing membranes. This
is consistent with the fact that, in the GUV experiments, cristae-like
morphologies were only observed for CL-containing membranes. This
result also consolidates our theoretical description in which the
change of the plane-shape equilibrium density of the exposed
monolayer, in other words the lipid packing, is the driving force of
the membrane shape instability. Fig. 7 proposes a qualitative
description of the dynamics of the instability based on our theoretical
model [36]. At t=0, the preferred area per lipid in the external
monolayer suddenly decreases in front of the pipette, due to theFig. 6. Calculated Laurdan GP at pH 8 and pH 4 for different lipid mixtures. LUV are
made of different lipid compositions with a Laurdan:lipid ratio of 1/200. PC; PC/CL
90:10 mol/mol; PC/PE 66:34 mol/mol; PC/PE/CL 60:30:10 mol/mol. All measurements
were carried out at a lipid concentration of 0.2 mM and were recorded at 25 °C. (gray)
pH 8; (white) pH 4.
Fig. 7. Qualitative description of the dynamics of the shape instability. The lipids are
drawn together with a constitutive-sphere indicating what their ideal, equilibrium
density would be (see the text for more details). (a) Before the chemical modiﬁcation.
(b) Just after the chemical modiﬁcation: the lipids of the outer-monolayer are
effectively dilated (red or dark gray constitutive-spheres no longer in contact) but have
no time to move yet. (c) First stage of the instability (lasting less than a μs): the lipids
slide cooperatively with zero relative inter-monolayer velocity; this relaxes a fair
amount of the dilation energy stored. (d) Curvature instability: the membrane bends in
order to set the preferred density in both monolayers (green or light gray constitutive-
spheres, in contact). For the length-scales involved, this bending mode is much faster
than the relaxation involving inter-monolayer friction. The curvature instability is at
the origin of the wiggling growth of the tubules from their base.
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lipid repulsion. These modiﬁed lipids are “effectively dilated”, in the
sense that their area per molecule is larger than their equilibrium
value. In Fig. 7, the preferred area per lipid is indicated on each lipid by
a “constitutive sphere” the color of which indicates whether the
monolayer is effectively dilated or compressed (red or dark gray) or at
equilibrium (green or light gray). In Fig. 7a, corresponding to tb0, the
lipids have their initial equilibrium area, and so their constitutive
spheres are exactly in contact (green/light gray). Conversely, at t=0,i.e., just after the chemical modiﬁcation (Fig. 7b), the constitutive
spheres of the lipids of the outer-monolayer are no longer in contact
(red/dark gray), which illustrates the fact that their density is lower
than what their new equilibrium density would require. Note that we
describe here the dynamics of the instability: in Fig. 7b the lipids of the
outer-monolayer have been modiﬁed but have not have time to move
yet. Now, onewould expect the lipids of the outer-monolayer to move
closer in a very short time in order to gain their new equilibrium
density. However, this simple view disregards the inter-monolayer
friction: as shown in [36] it takes a few seconds for the lipids of one
monolayer to slide relative to those of the other monolayers for
vesicles in such low-tension state as in our experiment and for such
length scales as those corresponding to the width of the chemical
modiﬁcation. Hence, the dynamical picture is quite different. First, in a
very short time (less than a μs), all the lipids of the affected region
move in both monolayers in such a way as to increase the density
(Fig. 7c). This adjustment, which relaxes about the three-quarters of
the dilation energy of the outer monolayer (while creating a lesser
compression energy in the inner-monolayer) is very fast; indeed, it
involves no inter-monolayer sliding of the lipids. In this stressed state
(Fig. 7c), the dilation forces within the membrane tends at the same
time to bend the membrane and to adjust the densities by an inter-
monolayer sliding of the lipids [36]. The former mechanism turns to
be the faster one, i.e., the one effectively observed just after the
chemical modiﬁcation (Fig. 7d). Note that curving the membrane
effectively brings both monolayers in an optimum density state
(green or light gray constitutive spheres). Let us now try to estimate
from the above curvature-inducing mechanism how the tube grows
and at which velocity. As shown in [36] the typical time scale required
to curve the membrane under such dilative stresses is (apart from an
unimportant logarithmic correction) of order τ~η d/(σ+πκ/d2),
where d is the length-scale of the deformation. If we consider that
this is the time required to create a portion of tube of radius d, wemay
assume that the tubule grows where the chemical modiﬁcation takes
place, i.e., at its base, with a typical velocity of v~d /τ~(σ+πκ/d2) /η.
Taking the example of Fig. 5 between times 10.8 s and 11.1 s, we
assume a very low tension σ~10−9 J/m2 (ﬂoppy vesicle), a standard
bending modulus κ~10−19 J, the viscosity of water η~10−3 J s/m3,
d~4 μm for the tubule diameter, we obtain the typical velocity
v~20 μm/s, in agreement with a growth of order 5 μm in a lapse of
0.3 s. Note that, as better seen in Fig. 3, the tube wiggles as it grows,
which is compatible with our hypothesis that the tubes grow from its
base. Finally, the relaxation of the tubes is very slow, as it is driven by
the retro-diffusion of the H+ ions outer of the tube. In the absence of
quantitative measurements of the pH-ﬁeld within and outside the
tubes, it is difﬁcult to address theoretically the dynamics of the tube
retraction.
In this paper, we reported experiments in which a local curvature
is observed when GUV's membrane mimicking the IMM is subjected
to a local pH decrease. We showed that the chemical modiﬁcation of
the lipids, and in particular the protonation of cardiolipin, resulted in a
change of the lipid packing, but that only a strong modiﬁcation of this
packing could lead to the development of cristae-like structures. This
membrane behavior is only observable when the artiﬁcial membrane
mimicking the IMM contains CL, the only anionic lipid presented in
our model bilayer. So, with a simple experimental model, we bring
some answers suggesting that at least at the membrane level, an only-
lipid system can exhibit structures closed morphologically and
dynamically to those observed in the mitochondria. Our results also
suggest that themain driving force for the shape transformation of the
GUVs is the local change of the preferred area per lipid. Dahlberg et al.
[26] provide a complementary explanation of the GUV shape
transformation based on the study of the mechanical properties of
coarse-grained bilayers formed by CL and zwitterionic lipids. One
ﬁnding from this study is that the rigidity of the bilayer is correlated to
the effective headgroup volume, so that small headgroups were
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notion that small headgroup volumes tend to give negative
curvatures. They note that the inclusion of protonated-CL decreased
the rigidity of the bilayer, which is compatible with highly curved
membranes and therefore, for our nonequilibrium vesicle system.
More precisely, we believe that the main driving force for the shape
transformation of the GUVs is the local change of the preferred area
per lipid, but that the decrease of the bending modulus is a promoting
factor (because the energy cost for shape transformation is lower) in
particular for highly curved membrane as cristae-like structure.
4. Conclusion
We investigate in this work the behavior of an artiﬁcial membrane
mimicking the inner mitochondrial membrane under pHmodulations
in order to highlight the possible role of cardiolipin in the dynamics of
mitochondrial cristae. Laurdan ﬂuorescence and ζ-potential measure-
ments show that, when the pH decreases and whatever the lipid
composition based on the major components of the IMM, the surface
charge decreases but that only CL-containing membranes exhibit a
signiﬁcant modiﬁcation of the lipid packing. Our GUV experiments
also indicate that cristae-like morphologies were only observed for
CL-containing membranes. Taken together, these results indicate on
one hand the crucial role of cardiolipin in IM morphology and
dynamics, and on the other hand, that the driving force of the
observed shape instability might be the change of the plane-shape
equilibrium density of the exposed monolayer as pointed out by our
theoretical description.
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